Chemical mechanical polished Al (CMP-Al) films deposited at various temperatures were explored as the gate electrodes of amorphous-silicon (a-Si:H) inverted-staggered thin-film transistors (TFTs) for the first time. Although the surface roughness of the asdeposited Al films increased with increasing deposition temperature, Al films deposited at higher temperature were more robust to hillock formation during subsequent annealing. To take advantage of the better hillock suppression properties, CMP is employed to reduce the inherently large surface roughness of these high-temperature-deposited Al films. Our results show that the electrical characteristics of the TFTs are significantly improved. Specifically, the threshold voltage is reduced from 2.37 to 1.43 V, the mobility is improved from 0.32 to 1.36 cm 2 /V s, and the subthreshold swing is improved from 0.72 to 0.58 V/decade as the Al deposition temperature is increased from 25 to 400°C. © 2000 The Electrochemical Society. S1099-0062(99)10-107-X. All rights reserved. Amorphous silicon (a-Si:H) thin film transistors (TFTs) are widely used as the pixel switching elements in many state-of-the-art active-matrix liquid crystal displays (AMLCDs). For most AMLCD applications, the so-called invert-staggered device structure with a bottom gate is employed. 1 In the inverted-staggered structure, the morphology of gate insulator (e.g., SiN x ) and thus the interface roughness between the gate insulator and the active amorphous silicon layer (i.e., SiN x /a-Si:H) is strongly influenced by the morphology of the bottom-gate metallurgy. Because the bottom-gate is deposited prior to the formation of gate insulator and the active amorphous silicon layer, it is susceptible to hillock formation during subsequent high-temperature fabrication processes, causing inevitable surface roughness. An excessive surface roughness of the bottom gate metallurgy might increase the interface trap density and worsen the roughness scattering at the SiN x /a-Si:H interface, leading to mobility degradation and device instability.
Amorphous silicon (a-Si:H) thin film transistors (TFTs) are widely used as the pixel switching elements in many state-of-the-art active-matrix liquid crystal displays (AMLCDs). For most AMLCD applications, the so-called invert-staggered device structure with a bottom gate is employed. 1 In the inverted-staggered structure, the morphology of gate insulator (e.g., SiN x ) and thus the interface roughness between the gate insulator and the active amorphous silicon layer (i.e., SiN x /a-Si:H) is strongly influenced by the morphology of the bottom-gate metallurgy. Because the bottom-gate is deposited prior to the formation of gate insulator and the active amorphous silicon layer, it is susceptible to hillock formation during subsequent high-temperature fabrication processes, causing inevitable surface roughness. An excessive surface roughness of the bottom gate metallurgy might increase the interface trap density and worsen the roughness scattering at the SiN x /a-Si:H interface, leading to mobility degradation and device instability.
To alleviate these problems, refractory metals such as Cr, Mo, and Ta, have been proposed as potential bottom-gate material. Because of their higher thermal stability and hence higher resistance to hillock formation, the resultant surface roughness can be lessened. However, this approach suffers from the relatively high resistivities (> 10 µΩ cm) inherent in refractory metals, resulting in intolerable RC gate delays that limit the feasible AMLCD size to no more than 15-20 in. 2 Among the conducting metals, Cu has the lowest resistivity (i.e., 1.5-2 µΩ cm). However, it suffers from poor adhesion to glass substrate, easy surface oxidation, 3 and high reactivity during the plasma-enhanced chemical vapor deposition (PECVD) process, making it unsuitable as the bottom-gate material for TFTs. On the other hand, sputter-deposited Al alloy depicts high hillock suppression, and lower electrical resistivity than refractory metals, but it still falls short on meeting the requirement for advanced high-performance AMLCD applications because of their relatively high electrical resistivity of about 10 µΩ cm. Although adding group VIII transition elements 5 or rare-earth metal elements 6 can somewhat reduce its resistivity, the achievable resistivity is still too large for most high-performance AMLCD applications. * Electrochemical Society Student Member. ** Electrochemical Society Active Member.
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In contrast, pure Al depicts a desirable low electrical resistivity of 2.7 µΩ cm. However, it suffers instead from the inferior thermal and mechanical stabilities. Hillocks are known to form on Al surface during LCD fabrication. 7 The microstructure of Al is dependent on deposition temperature. Since the hillock formation is strongly related to the microstructure, 8 the deposition temperature of Al is expected to play a crucial role in hillock formation. Therefore, the electrical characteristics of a-Si:H TFTs should also be related to the Al gate deposition temperature. However, little work has been reported regarding the effects of Al deposition temperature on the electrical characteristics of a-Si:H inverted-staggered TFTs.
Concurrently, chemical mechanical polishing (CMP) has recently been employed for global planarization of the silicon wafer surface for very large scale integrated circuits. 9 More recently, CMP has also been applied for improving the surface morphology of polysilicon floating-gate for nonvolatile memory applications and also for improving the surface morphology of the active channel polysilicon channel layer in polysilicon TFTs. 10 In this paper, we report, for the first time, the combined effects of high deposition temperature and chemical mechanical polishing of aluminum bottom gate on the electrical characteristics of inverted-staggered TFTs.
Experimental Inverted-staggered a-Si:H TFTs with CMP aluminum gate deposited at various temperatures were fabricated for the first time. Briefly, silicon wafers coated with a 500 nm thermal oxide were used as the starting substrates. Then, Al films with thickness of 500 nm were sputter-deposited with MRC primus 2500 sputter using Ar as the sputtering gas. The pressure and power during sputtering were 1 mTorr and 15 kW. Subsequently, CMP was carried out on a Westech 372M polisher to smooth the Al films to a final thickness of 400 nm. Polished pads evaluated in this work were Rodel Politex regular E. Rodel R200-T3 was chose as the carrier film. For a onestep polishing process, polishing parameters like pressure, platen and carrier rotary speeds, back pressure, and slurry flow rate were set to be 5 psi, 60 rpm, 65 rpm, 2 psi, and 150 mL/min, respectively. Slurries were formulated with 0.3 µm α-Al 2 O 3 abrasive, 5% phosphoric acid, and 3% hydrogren peroxide in acidic aqueous solution. Slurry pH was set at 2 that was buffered with 0.1 M citric acid and adjusted with KOH. Afterward, the bottom-gate electrodes were S1099-0062(99)10-107-X CCC: $7.00 © The Electrochemical Society, Inc.
defined by a photolithography step and wet chemical etching. Since the sidewall of Al gates were sloped after wet chemical etching (which is isotropic), the sidewall coverage problems caused by the successive layers can be eliminated. Next, a 250 nm silicon nitride (SiN x ) layer was deposited at 300°C for 30 min by plasma enhanced chemical vapor deposition (PECVD) to serve as the gate insulating layer. Then, a 200 nm undoped a-Si:H film and a 50 nm n + a-Si:H film were deposited successively at 250°C without breaking vacuum for 24 and 6 min, respectively. The active device layer was then defined by photolithography and dry etching. Afterward, a 300 nm Al metal layer was deposited by thermal evaporation, and patterned by photolithography and subsequent wet etching to form the source and drain electrodes. Finally, the unwanted n + layer between the two source and drain electrodes was removed by dry etching. All devices were annealed at 200°C in N 2 ambient for 20 min to form good ohmic contacts.
Results and Discussion In order to investigate the temperature dependence of hillock suppression, the as-deposited Al films without chemical mechanical polishing were annealed at 300°C for 30 min. Atomic force microscopy (AFM) was used to examine the surface roughness of as-deposited and 300°C annealed films. The results are shown in Fig. 1 for Al films as a function of deposition temperature. It can be seen that the surface roughness of the as-deposited Al films (solid line) increases significantly from 3.21 to 20.09 nm as the deposition temperature increases from room temperature to 400°C. This is consistent with the larger grain size and therefore rougher surface with increasing deposition temperature. In contrast, the dependence of surface roughness on the deposition temperature becomes irregular with deposition temperature for 300°C annealed films (dashed line), with the film deposited at 200°C showing the largest surface roughness.
Because hillock formation leads to Al surface roughness, the degree of surface roughness is a good indicator of hillock resistance. Figure 2 shows the increments in surface roughness of Al films caused by the 300°C thermal annealing. It can be seen that the roughness increment is reduced with increasing deposition temperature. This implies that the hillock resistance is enhanced with higher deposition temperature. Note that the increment in surface roughness is 11.57 nm for Al film deposited at room temperature and is only 0.28 nm for the film deposited at 400°C. The improvement of hillock resistance with temperature is quite significant. It is believed that the relaxation of compressive stress by lateral diffusion of Al atoms along the grain boundaries and its precipitation on the surface are responsible for the hillock formation. 7 With increasing deposition temperature, the grain size increases. Therefore the number of grain boundary and the lateral diffusion of Al atoms are reduced, resulting in more robust hillock resistance. In addition, increasing Al(111) peak density is also known to enhance hillock resistance. 8 This is consistent with our previous finding that a higher Al deposition temperature results in higher Al(111) peak density. 11 Despite their better hillock resistance, the drawback of high-temperature-deposited Al films is their inherently larger as-deposited surface roughness, as shown in Fig. 1 , which deteriorates the performance of inverted-staggered a-Si:H TFT. This drawback, however, can be cleverly overcome by employing chemical mechanical polishing technique to polish the high-temperature-deposited Al films. The scanning electron microscopy (SEM) images of Al films deposited at 400°C before and after chemical mechanical polishing are shown in Fig. 3a and b, respectively. It is clear that the Al film surface becomes much smoother after chemical mechanical polishing. This result is further confirmed with the three-dimensional AFM images, as shown in Fig. 4 . There are inevitable scratches on CMP-Al films. The average surface roughness after chemical mechanical polishing is reduced to around 3 nm. We believe the scratches and surface roughness could be further reduced by further optimization of the polishing condition.
Besides, our experimental results show that the roughness increment and thus the hillock resistance of CMP-Al is almost identical to that of as-deposited Al. Figure 5 shows the transfer characteristics of aSi:H TFTs with CMP-Al gate (referred to as polished TFT hereafter) deposited at various temperatures. Note that the leakage current is below the detection limit of our measurement system (i.e., 10 -13 A). Specifically, for polished TFT with Al gate deposited at 400°C, ON current (I ON ) is around 10 -5 A (measured at a gate voltage, V g = 20 V), leakage current (I OFF ) is around 10 -13 A, and I ON /I OFF ratio ~108. While for polished TFT with Al gate deposited at room temperature, I ON depicts a relatively small value of 2.8 x 10 -6 A and I ON /I OFF ratio ~2.8 x 10 7 . Detailed device characteristics are summarized in Table I . Device characteristics of a-Si:H TFTs with unpolished Al gates (referred to as unpolished TFT hereafter) are also shown for comparison. The mobility and threshold voltage are determined from transistor characteristics in the saturation region by plotting (I ds ) 1/2 vs. V g . It is clear that the threshold voltage, mobility, and subthreshold swing all improve monotonically with increasing Al deposition temperature. However, the improvements in unpolished TFTs with increasing deposition temperature are less pronounced than those in polished TFTs, which is believed to be due to the inherently larger surface roughness for unpolished high-temperature-deposited Al films. Note that for Al gate deposited at room temperature, the device performance in unpolished TFT is slightly better than that of polished TFT. This is because the surface roughness of Al film deposited at room temperature is reduced from 3.21 to 3 nm after chemical mechanical polishing. As a result, the device characteristic improvement due to planarization of Al gate surface after chemical mechanical polishing is overwhelmed by the scratches on Al gate surface caused by chemical mechanical polishing process, leading to poor device characteristics of polished TFT with room-temperature-deposited Al.
Two possible mechanisms can be used to explain the observed device characteristics improvements with increasing Al deposition temperature. The first is the reduced roughness scattering and interface trap density with increasing Al deposition temperature. The SiN x surface roughness, which is directly influenced by the morphology of underlying Al gate, is reduced with increasing Al deposition temperature. The mobility reduction due to surface roughness scattering, as well as threshold voltage and subthreshold swing increments due to interface traps have been observed in the case of Si/SiO 2 interface. For the a-Si:H/SiN x interface, it is reasonable to assume that similar effect exists. The other possible mechanism is a better a-Si:H film quality grown at a smoother a-Si:H/SiN x interface with increasing Al deposition temperature. This is because on a rougher SiN x surface, there exists many active sites, which prevent the surface diffusion of SiH 3 precursors during the depositon of aSi:H. Thus, it is likely that the initial a-Si:H growth layer has a larger defect density on a rougher SiN x film. 12 
